Introduction
============

Alzheimer\'s disease (AD) is a neurodegenerative disorder characterized by extracellular deposition of β-amyloid (Aβ) peptides and intracellular accumulation of hyper-phosphorylated τ protein, with neuronal loss that leads to progressive cognitive and memory impairment ([@b1-mmr-22-02-0739],[@b2-mmr-22-02-0739]). Previous studies demonstrated that astrocytes and microglial cells could be activated by the accumulation of Aβ plaques and that activated microglia released inflammatory molecules and cytokines, leading to neuronal damage that contributed to the pathogenesis of AD ([@b3-mmr-22-02-0739]--[@b5-mmr-22-02-0739]). These previous findings suggested that inflammatory responses could play a key role in the pathology of AD, and that inhibition of inflammation could slow down neurodegeneration in AD.

Previous studies suggested that tormentic acid (TA), a natural triterpene found in the stem bark of medicinal plants, such as *Potentilla chinensis* ([Fig. 1](#f1-mmr-22-02-0739){ref-type="fig"}), exhibited a wide range of biological activities, including anticancer, anti-oxidant and anti-inflammatory properties. Yang *et al* ([@b6-mmr-22-02-0739]) reported that TA inhibited interleukin (IL)-1β-induced chondrocyte apoptosis by activating the PI3K/Akt signaling pathway. In addition, TA prevented acetaminophen-induced liver injury by inhibiting oxidative stress and inflammation in mice ([@b7-mmr-22-02-0739]). Moreover, it was previously demonstrated that TA could inhibit H~2~O~2~-induced inflammation and oxidative stress in rat vascular smooth muscle cells via inhibition of the nuclear factor-κB (NF-κB) signaling pathway ([@b8-mmr-22-02-0739]). However, the effects of TA on Aβ-induced neuro-inflammation and apoptosis, and its possible neuroprotective function in AD are not fully understood. Therefore, the present study investigated the anti-inflammatory effect of TA both on amyloid β precursor protein (APP)/presenilin 1 (PS1) transgenic mice and BV2 microglia cells. Additionally, the possible effects of TA on the NF-κB signal pathway were evaluated.

Materials and methods
=====================

### Animals

A total of 40 male, 6-month old APP/PS1 transgenic AD mice (weight, 25±2 g), expressing a chimeric mouse/human APP650 cDNA containing the Swedish K670 M and N671L mutations and a mutant human PS1 containing the exon9-deleted variant under the control of mouse prion promoter elements were obtained from The Neurobiology and Genetics Laboratory of the Rockefeller University. All mice were bred in-house at The Experimental Animal Center of Xinxiang Medical University, as previously described ([@b9-mmr-22-02-0739]) and kept under a 12-h light-dark cycle at 24°C, in 50--70% relative humidity, with *ad libitum* access to food and water. All animal procedures were carried out in accordance with The National Institutes of Health guidelines and approved by The Animal Ethics Committee of Xinxiang Medical University. For all experiments, animal health and behavior were monitored daily.

Mice were randomly divided into four groups, each receiving 0, 1, 5 or 10 mg/kg TA (Shanghai Winherb Medical S&T Development Co. Ltd.) in 1% carboxymethylcellulose (Sigma-Aldrich; Merck KGaA) intraperitoneally. Injections were carried out once daily for 28 consecutive days. At the end of the 28 days, cognitive impairment was assessed using a Morris water maze test. Mice were then sacrificed using an overdose of pentobarbital sodium (150 mg/kg) at the end of the experiment.

### Morris water maze test

The water maze was a circular pool with a 100-cm diameter and 50-cm depth, filled with water. The circular pool was conceptually divided into four quadrants. An escape platform, 10 cm in diameter, was installed 1 cm below the surface of the water. The test consisted of two parts, 4 training trials per day for 5 consecutive days, followed by a probe trial. During the training part, each mouse was placed into the four quadrants in a random sequence and allowed to swim for a maximum of 60 sec. If the mouse located the platform within 60 sec, it was allowed to remain on it for 10 sec. Mice that did not find the platform within 60 sec were guided to the platform and allowed to stay on it for 10 sec. The probe trial was conducted with the platform removed from the pool and the mice were allowed to swim for 60 sec. The time latency swimming speed, distance and number of crossing the platform area were recorded via SMART video tracking system (Ji Liang Instruments, China).

### Western blotting assay

Protein extraction from cytosolic and nuclear fractions was performed using a cytosolic/nuclei isolation kit (Sigma-Aldrich; Merck KGaA), as previously described ([@b5-mmr-22-02-0739]). Briefly, brain tissues or cells were homogenized in homogenization buffer (10 mM HEPES; 0.1 mM EDTA; 10 mM KCl; 1 mM DTT; 0.1 mM EGTA; 0.5 mM PMSF; 1X protease inhibitor cocktail containing aprotinin, bestatin hydrochloride, leupeptin hemisulfate salt and pepstatin A (Sigma-Aldrich; Merck KGaA) for 10 min, then centrifuged at 13,000 × g at 4°C for 15 min, and the supernatant was collected. For nuclear protein extracts, the pellets were re-suspended in an equal volume of nuclear extraction buffer (20 mM HEPES; 0.4 M NaCl; 1.5 mM MgCl~2~; 1 mM EGTA; 1 mM DTT; 1 mM EDTA; 0.5 mM PMSF; 1X protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) for 30 min, then centrifuged at 13,000 × g at 4**°**C for 20 min. The supernatants were stored at −80**°**C for further analysis. Protein concentration was measured via BCA assay (Pierce; Thermo Fisher Scientific, Inc.). For western blots, 30 µg protein were loaded on 10--20% Tricine gels (Thermo Fisher Scientific, Inc.) and electrophoretically transferred on to a 0.22-µm PVDF membrane.

Pre-frontal cortex (PFC) and hippocampus (HC) tissues or cells under various treatment conditions were collected and lysed in RIPA buffer (Beyotime Institute of Biotechnology) on ice for 30 min. Protein lysates were centrifuged at 10,000 × g for 30 min at 4**°**C. The supernatant was subjected to western blot analysis. Equal amounts of 30 µg protein lysates were loaded on 10--20% Tricine gels (Thermo Fisher Scientific, Inc.) for SDS-PAGE electrophoresis and then transferred onto a 0.22-µm PVDF membrane. The membranes were blocked with 5% bovine serum albumin (cat no. A7030; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature and then incubated with the following antibodies: Rabbit anti-NF-κB p65 (1:2,000; cat. no. 06-418; EMD Millipore), anti-histone H1 (1:1,000; cat. no. ABE446; EMD Millipore), rabbit anti-phosphorylated inhibitor of κB kinase α (IKKα; 1:800; cat. no. ab38515; Abcam), rabbit anti-IKKα (1:1,000; cat. no. ab32041; Abcam), rabbit anti-phosphorylated inhibitor of nuclear factor κBα (IκBα; 1:1,000; cat. no. ab133462; Abcam) and rabbit anti-IκBα (1:1,000; cat. no. ab32518; Abcam). Antibodies against β-actin (1:1,000; cat. no. ab179467; Abcam) were used as loading controls. Following incubation with horseradish peroxidase conjugated goat anti-rabbit antibodies (1:2,000; cat. no. 111035003; Jackson Immuno Research Laboratories, Inc.) for 1 h at room temperature. Proteins were detected using the enhanced chemiluminescence (ECL) western blotting substrate (EMD Millipore). The bands were quantified using ImageJ software (version 1.44p; National Institutes of Health). All western blots were visualized by ECL and normalized to β-actin or histone H1 signals.

### Aβ ELISA

The PFC and HC tissues were re-suspended in extraction buffer (5 M guanidine; 50 mM Tris-HCl; pH 8.0). The homogenates were centrifuged at 20,000 × g for 1 h at 4**°**C, and supernatant fractions were collected and stored at −80**°**C. The levels of Aβ~1-42~ were detected using the Human Aβ ELISA kit (cat. no. KHB3441; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions and normalized to the total protein content determined via BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). All samples were measured in two independent experiments.

### Cytokine assays

Tumor necrosis factor α (TNFα), IL-1β and IL-6 (cat nos. MHSTA50, MLB00C and M6000B, respectively; all R&D Systems, Inc.) concentrations in PFC, HC and BV2 microglial cell supernatant were measured using ELISA kits according to the manufacturer\'s instructions. The absorbance at 450 nm was measured using a microplate reader. All experiments were conducted independently three times.

### Quantification of DNA fragmentation

DNA fragmentation *in vitro* was measured using a Cell Death Detection ELISAPLUS kit (Roche Diagnostics), according to the manufacturer\'s instructions. Briefly, the tissues or cells were washed with D-Hanks solution. Samples were then lysed with 200 µl lysis buffer for 30 min at 37**°**C, and centrifuged at 200 × g for 10 min at 4**°**C. After centrifugation, 20 µl supernatant from each well was transferred toa streptavidin-coated microplate containing anti-DNA-peroxidase and anti-histone-biotin. Nucleosomes from apoptotic cells were captured by the anti-histone-biotin antibody and the anti-DNA-peroxidase, through histone binding to the DNA part of the nucleosomes. After a final wash step was performed to remove unbound antibodies, the amount of peroxidase was quantified using a 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid substrate. The absorbance was read at 405 nm using a microplate reader.

### Measurement of caspase-3 activity

Caspase-3 activity was measured using a colorimetric assay kit (Sigma-Aldrich; Merck KGaA) according to the manufacturer\'s protocol. Briefly, tissues or cells were incubated in lysis buffer for 30 min at 4**°**C, and then centrifuged at 16,000 × g for 10 min at 4**°**C. The supernatant was collected and incubated with the substrate (acetyl-Asp-Glu-Val-Asp-p-nitroanilide) for 90 min at 37**°**C. Caspase-3 activity was measured at 405 nm spectrophotometrically.

### Cell culture

Murine BV2 microglial cells were purchased from The Chinese Academy of Medical Sciences. Cells were maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), and incubated in a humidified atmosphere containing 5% CO~2~ at 37**°**C.

Primary cortical neuronal cells were isolated from the cerebral cortex of 1-dayold pups (P0-P1), as previously described ([@b9-mmr-22-02-0739]). Briefly, cortical fragments were dissected under microscope and dissociated into single cells in 2.5 mg/ml trypsin for 15 min, and resuspended in DMEM/F12 neurobasal medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and1% penicillin/streptomycin. Cells were seeded (2×10^6^ cells/ml; 2 ml/well) on poly-D-lysine-coated 6-well culture polystyrene plates. In total, one-half of the medium volume was removed and replaced with fresh cell culture medium twice per week. Cells were incubated at 37**°**C with 5% CO~2~ incubator for 7 days before any assay.

The Aβ~25--35~ peptide was purchased from the American Peptide Company, Inc. Briefly, 1 mM Aβ~25-35~ stock solutions were prepared in distilled water to allow peptides to aggregate for 3 days at 37**°**C ([@b10-mmr-22-02-0739]). Cells were treated with TA or vehicle (DMSO) for 8 h, then stimulated with Aβ~25-35~ for 24 h after medium removal. Unstimulated cells were used as a negative control.

### Cytotoxicity assay in co-culture of microglia and primary cortical neurons

To study the regulation of neuron survival by Aβ-stimulated microglia, microglia and primary cortical neurons were co-cultured in 12-well culture plates. Briefly, the BV2 microglial cells were plated in transwell inserts at a density of 1×10^4^/cells/ml for 24 h before treatment. Subsequently, 10 nM TA was added to the supernatant of BV2 microglial cells for 8 h. The medium was then removed and BV2 microglial cells were cultured in fresh medium with or without 25 µM Aβ~25-35,~ and the transwell inserts containing BV2 cells were transferred onto the lower chamber containing cortical neurons to co-culture for another 24 h. Neuronal apoptosis was measured by DNA fragmentation and caspase-3 activity.

### MTT assay

Cell viability was measured by an MTT assay as previously described ([@b11-mmr-22-02-0739]).

### Immunofluorescence staining

All mice were sacrificed and perfused with 4**°**C 0.9% saline followed by 4**°**C 4% paraformaldehyde for 4 h. The brains were removed then immersed in 30% sucrose solution until sunk. Brains were embedded in optimal cutting temperature compound, then were cut on a freezing microtome (Leica Microsystems GmbH) to 20-µm thickness.

For the immunohistochemical staining, brain sections or the cells were blocked with 5% BSA (cat. no. 810656; Sigma; Merck KGaA) for 30 min at 37**°**C, then incubated with mouse anti-Aβ (1:500; cat no. MABN12; Sigma-Aldrich; Merck KGaA), rabbit anti-glial fibrillary acidic protein (GFAP; 1:500; cat. no. SAB2107063; Sigma-Aldrich; Merck KGaA), rabbit anti-CD11b (1:300; cat. no. PA5-90724; Chemicon International; Thermo Fisher Scientific, Inc.), and rabbit anti-NF-κB p65 antibody (1:2,000; cat. no. 06-418; EMD Millipore) at 4**°**C overnight. The following day, sections were washed with PBS three times, then incubated with a mixture of Alexa Fluor^®^488-conjugated donkey anti-rabbit IgG antibody (1:2,000; cat. no. A-21202; Invitrogen; Thermo Fisher Scientific, Inc.) and Alexa Fluor^®^594-conjugated donkey anti-mouse IgG antibody (1:2,000; cat. no. R37115; Invitrogen; Thermo Fisher Scientific, Inc.) at 37**°**C for 1 h, then stained with 0.1% DAPI (cat. no. D9542; Sigma-Aldrich; Merck KGaA) at 37**°**C for 5 min. The microscopic images of Aβimmunoreactivity were captured by a computer-controlled Olympus IX71 fluorescent microscope (Olympus Corporation) objective (magnification, ×100) and quantified in five fields of view per animal using Image Pro Plus software (Version 6.0; Media Cybernetics, Inc.), with 100-µm distance between the sections. All measurements were performed in a blind manner by two investigators. Data are expressed as the percentage of immunoreactive area in the total area and represented as the mean ± SEM.

### Statistical analysis

Data are presented as the mean ± SEM. Statistical analysis was carried out using SPSS 17.0 software (SPPS, Inc.). The differences between groups were analyzed by one-way ANOVA followed by Bonferroni correction. The escape latencies of the Morris water maze test were calculated using two-way ANOVA for repeated measures, followed by Bonferroni correction for post hoc comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### TA suppresses the activation of astroglia and microglia in the PFC and HC

To assess the effect of TA on microglial cells, immunohistochemical analysis was carried out in the brain. Treatment with 5 or 10 mg/kg TA significantly decreased the number of GFAP-positive astrocytes ([Fig. 2](#f2-mmr-22-02-0739){ref-type="fig"}) and CD11b-positive microglia ([Fig. 3](#f3-mmr-22-02-0739){ref-type="fig"}) in the PFC and HC, compared with the vehicle-treated group. The levels of inflammatory factors TNFα, IL-1β and IL-6 were measured by ELISA. Following treatment with 5 or 10 mg/kg TA, the expression of TNFα, IL-1β and IL-6 significantly decreased, compared with the vehicle-treated group ([Fig. 4](#f4-mmr-22-02-0739){ref-type="fig"}).

### TA prevents Aβ plaque accumulation in APP/PS1 transgenic mice

The effect of TA on Aβ plaque deposition in APP/PS1 transgenic mice was also assessed. TA treatment was initiated when the mice were 6-months old, and treatment with TA or vehicle lasted for 28 days. Treatment with 5 or 10 mg/kg TA significantly attenuated the surface area occupied by Aβ plaque deposition in PFC and HC, compared with the vehicle-treated group, as suggested by immunohistochemical staining ([Fig. 5A-D](#f5-mmr-22-02-0739){ref-type="fig"}). The levels of Aβ~1-42~ peptide in the PFC and HC were also measured by ELISA. Consistent with the immunochemical staining, Aβ~1-42~ levels were significantly reduced in the PFC and HC of mice treated with 5 or 10 mg/kg TA, compared with the vehicle-treated control mice ([Fig. 5E and F](#f5-mmr-22-02-0739){ref-type="fig"}).

### TA treatment ameliorates cognitive deficits and apoptosis in APP/PS1 transgenic AD mice

Learning and memory abilities were evaluated by the Morris water maze test. Compared with the vehicle-treated group, the escape latency of the mice markedly decreased following treatment with 5 or 10 mg/kg TA ([Fig. 6A](#f6-mmr-22-02-0739){ref-type="fig"}). During the probe trial, mice treated with TA completed a greater number of target crossings in the target quadrant, compared with the vehicle-treated group ([Fig. 6B](#f6-mmr-22-02-0739){ref-type="fig"}). However, the mean speed and distance did not differ between the two groups ([Fig. 6C and D](#f6-mmr-22-02-0739){ref-type="fig"}).

To investigate the potential anti-apoptotic effect of TA, apoptosis was also measured by the extent of DNA fragmentation and the levels of caspase-3 activity. Both parameters significantly decreased after treatment with 5 or 10 mg/kg TA ([Fig. 7](#f7-mmr-22-02-0739){ref-type="fig"}).

### TA prevents the production of pro-inflammatory factors derived from BV2 microglia

To assess the cytotoxic effect of TA on the microglia, BV2 microglial cells were incubated with different concentrations of TA (1, 5, 10, 20, 50, 100 and 200 nM) for 8 h, and cell viability was determined via MTT assay. There were no significant differences in cell viability following treatment with TA at concentrations ranging from 1 to 50 nM, compared with the control group ([Fig. 8A](#f8-mmr-22-02-0739){ref-type="fig"}). However, at concentrations of 100 or 200 nM, TA significantly decreased cell viability. This demonstrated that high TA concentrations (100 or 200 nM) are cytotoxic, whereas lower TA concentrations (1--50 nM) have no cytotoxic effect on BV2 microglial cells.

To further define the dose of TA required for the inhibition of Aβ-induced inflammation, BV2 cells were pre-treated with 25 µM Aβ~25-35~ peptide for 24 h. Treatment with 10 nM TA significantly reduced the levels of TNFα ([Fig. 8B](#f8-mmr-22-02-0739){ref-type="fig"}). Therefore, 10 nM TA was used in all subsequent experiments.

Microglia can produce inflammatory cytokines after activation ([@b12-mmr-22-02-0739]). To investigate the underlying mechanism of the neuroprotective activity of TA, the potential effect of TA on pro-inflammatory cytokine production, such as TNFα, IL-1β and IL-6, in Aβ-stimulated BV2 microglia was assessed. BV2 microglia were incubated with 10 nMTA in the presence or absence of 25 µM Aβ~25-35~ peptide. The levels of cytokine in the culture media were measured by an ELISA. The levels of TNFα, IL-1β and IL-6 in the BV2 microglia supernatant increased following Aβ stimulation. However, these increases in the levels of pro-inflammatory cytokines were significantly inhibited by treatment with TA ([Fig. 8C-E](#f8-mmr-22-02-0739){ref-type="fig"}).

### NF-κB nuclear translocation decreases after TA treatment in response to Aβ stimulation in BV2 microglia cells

The effect of TA on NF-κB p65 nuclear translocation was further analyzed using double immunofluorescence staining and visualization with fluorescent microscopy in BV2 cells. Fluorescent imaging suggested that nuclear accumulation of NF-κB p65 was markedly increased after Aβ~25-35~ stimulation, compared with the control group. However, NF-κB p65 translocation was abolished by pre-treatment with 10 nM TA ([Fig. 9A](#f9-mmr-22-02-0739){ref-type="fig"}). In addition, the effect of TA on the levels of cytoplasmic and nuclear NF-κB p65 subunits in all experimental groups was determined by western blot analysis. The levels of NF-kB p65 were significantly increased in the nucleus while the cytoplasmic levels were considerably decreased after Aβ~25-35~ treatment. Pre-treatment with 10 nM TA significantly inhibited this effect ([Fig. 9B and C](#f9-mmr-22-02-0739){ref-type="fig"}).

Phosphorylation of IKK and IκBα is involved in the activation of the NF-κB pathway ([@b13-mmr-22-02-0739]). Thus, the levels of the phosphorylated forms of IKKα and IκBα in BV2 cells in response to Aβ or TA treatments were also investigated. Treatment with 25 µM Aβ for 8 h induced significantly higher levels of phosphorylated IKKα and IκBα compared with the control group ([Fig. 10A and B](#f10-mmr-22-02-0739){ref-type="fig"}). However, these effects were attenuated by pre-treatment with 10 nM TA before exposure to Aβ~25-35~. Together, these results indicated that TA suppression of IL-1β and TNFα expression is most likely associated with inhibition of NF-κB activation.

### TA attenuates Aβ-induced neurotoxicity in primary neuron-microglia co-cultures

To determine whether the apoptotic response was involved in the effect of TA on Aβ-induced cell toxicity, the levels of DNA fragmentation and caspase-3 activity in neuron-microglia co-cultures were evaluated after TA treatment. Neuron-microglia co-cultures were treated with 10 nM TA for 8 h, or left untreated as a control. Co-cultures were then incubated with or without 25 µM Aβ~25-35~ for 24 h. Exposure to the Aβ peptide led to a significant increase in the levels of DNA fragmentation and caspase-3 activity. However, after pre-treatment with 10 nM TA, the levels of DNA fragmentation and caspase-3 activity were decreased ([Fig. 10C and D](#f10-mmr-22-02-0739){ref-type="fig"}), which suggested that the protective effects of TA might be mediated by inhibition of neuronal apoptosis.

Discussion
==========

Microglial activation caused by Aβ deposition in the brain is a prominent pathological feature associated with AD ([@b14-mmr-22-02-0739]). Activated microglia release pro-inflammatory cytokines, including IL-1, IL-6 and TNFα ([@b14-mmr-22-02-0739]). Inhibition of microglial activation is thought to be an effective therapy for the treatment of AD ([@b14-mmr-22-02-0739]). In the present study, TA treatment reduced the accumulation of Aβ deposits, successfully attenuated inflammation in APP/PS1 transgenic AD mice and decreased the production of Aβ-induced inflammatory cytokines in BV2 microglial cells. Moreover, pre-treatment with TA abolished the translocation of NF-κB p65 to the nucleus. Additionally, the effects of TA on the anti-apoptosis function were mitigated by decreased DNA fragmentation and caspase-3 activity in neurons-microglia co-cultures. Altogether, the results of the present study suggested that TA alleviated neuronal injury and inflammation by decreasing pro-inflammatory cytokines production in AD.

Aβ peptides have been demonstrated to induce inflammatory responses ([@b15-mmr-22-02-0739]). Inflammation mediated by glial cells and microglia cells plays a critical role in AD. Aβ deposits are frequently associated with reactive astrocytes and microglia, which induce neuronal injury through the release of pro-inflammatory cytokines in AD ([@b16-mmr-22-02-0739],[@b17-mmr-22-02-0739]). A previous study demonstrated that TA reduced inflammation in BV2 microglia by activating the liver X receptor α ([@b18-mmr-22-02-0739]). TA treatment markedly reduced the lipopolysaccharide (LPS)-induced inflammatory response in human gingival fibroblasts ([@b19-mmr-22-02-0739]). In addition, TA significantly decreased Carr-induced inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) expressions in the edematous paw induced by injection of λ-carrageenin in the plantar side of right hind paw of mice ([@b20-mmr-22-02-0739]). However, a potential therapeutic anti-inflammatory role for TA has not yet been fully demonstrated. To study the effects of TA on the over activated glia cells and microglia in PFC and HC in AD mice, the CD11b-positive microglia cells and GFAP-positive glia cells were detected. TA could significantly decrease the number of GFAP-positive glia cells and CD11b-positive cells and suppress the production of TNFα, IL-1β and IL-6 in the PFC and HC of AD mice, suggesting that TA could represent a novel anti-inflammatory drug for neurodegenerative diseases.

Several previous studies suggested that Aβ induced the production of inflammatory cytokines, TNFα- and IL-1β ([@b21-mmr-22-02-0739],[@b22-mmr-22-02-0739]), which are important mediators of the inflammatory response in AD ([@b23-mmr-22-02-0739]). These pro-inflammatory cytokines are thought to be responsible for neural death in AD. In the present study, the inflammation of AD was mimicked by Aβ~1-42~ treatment in cultured BV2 microglia, and the anti-inflammatory effect of TA was measured by observing changes in inflammatory cytokines. The present study demonstrated that Aβ markedly induced the production of TNFα, IL-1β and IL-6, which were significantly suppressed by TA in BV2 microglia. Taken together, the results of the present study suggested that TA could be a promising therapeutic alternative for neurodegenerative diseases caused by microglial activation. However, the mechanism underlying the protective effect of TA in neuronal degeneration remained unclear.

NF-κB signaling is central in the control of microglial activation and plays an important role in the production of pro-inflammatory cytokines ([@b24-mmr-22-02-0739]). NF-κB activation was enhanced and induced the production of IL-1β and TNFα in microglia in response to Aβ, through degradation of the inhibitor IκBα by phosphorylated IKKα ([@b25-mmr-22-02-0739]). The most abundant form of NF-κB in the cytoplasm is a heterodimer of p65 and p50 subunits ([@b26-mmr-22-02-0739]). However, under certain pathological conditions, NF-κB is activated by exposure to specific inflammatory stimuli (for instance, Aβ). Activated NF-κB is released and translocates to nucleus, where it can bind to κB sites and activate transcription of NF-κB-dependent target genes that are important for microglial function ([@b27-mmr-22-02-0739]--[@b29-mmr-22-02-0739]). In the present study, TA decreased the nuclear translocation of NF-κB p65. In addition, TA increased the cytoplasmic levels of NF-κB p65 in BV2 microglia. TA also reversed the expression of phosphorylated IKKα and IκBα in BV2 cells following treatment with Aβ. The results of the present study are in agreement with a previous study by Jian *et al* ([@b19-mmr-22-02-0739]) which demonstrated that TA could inhibit LPS-induced inflammatory responses in human gingival fibroblasts through inhibition of the toll like receptor 4-mediated NF-κB and MAPK signaling pathways. Jiang *et al* ([@b7-mmr-22-02-0739]) demonstrated that TA exerted an anti-inflammatory effect by decreasing iNOS, COX-2, TNFα and IL-1β by inhibiting NF-κB and MAPK activation. TA also inhibited H~2~O~2~-induced oxidative stress and inflammation by inhibiting NF-κB signaling in rat vascular smooth muscle cells ([@b8-mmr-22-02-0739]). In addition, TA significantly inhibited the IL-1β-induced inflammatory response by suppressing the NF-κB signaling pathway in human osteoarthritic chondrocytes ([@b30-mmr-22-02-0739]). Nevertheless, other signaling pathways, such as PI3K/Akt, could also mediate the anti-inflammatory effects of TA in IL-1β-induced chondrocyte apoptosis ([@b6-mmr-22-02-0739]). Other TA-induced signaling mediators were not examined in the present study, and further research is required to resolve this issue.

NF-κB signaling has been demonstrated to enhance apoptosis and inhibition of NF-κB not only suppresses inflammatory responses but also prevents apoptosis ([@b31-mmr-22-02-0739]). Neurotoxic neuronal-microglial interactions have been implicated in the development of AD ([@b32-mmr-22-02-0739]). The production of inflammatory cytokines secreted by activated microglia led to neuron apoptosis ([@b33-mmr-22-02-0739]). In the present study, TA decreasedcaspase-3 activity and DNA fragmentation levels in the PFC and HC of AD mice. Several previous studies demonstrated that in neuron-microglia co-cultures, Aβ-induced neuron degeneration was dependent on the presence of microglia cells ([@b34-mmr-22-02-0739],[@b35-mmr-22-02-0739]). Thus, inhibition of pro-inflammatory cytokines could offer an effective therapeutic strategy for the prevention of AD progression. In the present study, Aβ-treated neuron-microglia co-cultures were chosen as an *in vitro* model of AD, as previously described ([@b36-mmr-22-02-0739]). TA significantly decreased the levels of caspase-3 activity and DNA fragmentation in BV2 microglia cells after incubation with Aβ. A previous study demonstrated that TA inhibited IL-1β-induced chondrocyte apoptosis ([@b6-mmr-22-02-0739]). In addition, TA exerted a protective effect against LPS/D-galactosamine induced fulminant hepatic failure in mice ([@b37-mmr-22-02-0739]). Taken together, these results demonstrated that the anti-apoptotic effect of TA could be attributed to the suppression of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6. However, high concentrations of TA (100 and 200 nM) also reducedBV2 cell viability, suggesting a cytotoxic effect for TA. In agreement with the present results, Loizzo *et al* ([@b38-mmr-22-02-0739]) described the cytotoxic effects of TA on renal, prostate and melanoma cancer cell lines. Thus, future research should investigate the damage of neurons or microglia cells toxicity caused by TA.

Cognitive impairment and Aβ deposition are the major pathological hallmarks of AD. Indeed, APP/PS1 transgenic AD mice developed Aβ plaques at 4 months of age and memory impairment from 6 months of age in a previous study ([@b39-mmr-22-02-0739]). In the present study, at the age of 6 months, APP/PS1 mice were treated with TA for 4 weeks. A Morris water maze test demonstrated that TA improved spatial learning and memory abilities, as reflected by improved escape latency and probe trials of treated mice. A previous study suggested that Aβ levels were associated with neuro-inflammation and neuronal apoptosis ([@b40-mmr-22-02-0739]). Soluble oligomeric Aβ levels and Aβ deposition were increased in the brains of AD and correlated with cognitive dysfunction ([@b41-mmr-22-02-0739]). In the present study, TA administration reduced Aβ deposition and soluble Aβ levels in the PFC and HC of APP/PS1 mice. These findings suggested that TA could modulate AD pathogenesis. Notably, the present study provided evidence for the beneficial effects of TA in a transgenic mouse model of Aβ deposition, suggesting that TA may be a candidate for the treatment of AD.

In conclusion, the present study demonstrated that TA suppressed cognitive impairment, neuro-inflammation, microglia activation and Aβ deposition in APP/PS1 transgenic AD mice. Mechanistically, the effects of TA could be mediated by inhibiting the NF-κB signaling pathway.
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![TA treatment decreases the area of GFAP-positive cells in amyloid β precursor protein/presenilin 1 transgenic mice. Cells were visualized by immunohistochemical staining and the area of GFAP-positive cells was compared with the vehicle treatment group. (A) GFAP-positive cells in the PFC, indicated by white arrow. (B) GFAP-positive cells in the HC. Scale bar, 40 µm. (C) Area of GFAP-positive cells in the PFC. (D) Area of GFAP-positive cells in the HC. Data are expressed as the mean ± SEM for the immunopositive area as % of total surface area. n=5 in each group. \*\*P\<0.01 vs. the vehicle-treated group. TA, tormentic acid; GFAP, glial fibrillary acidic protein; PFC, pre-frontal cortex; HC, hippocampus.](MMR-22-02-0739-g01){#f2-mmr-22-02-0739}

![TA treatment decreases the area of CD11b-positive cells in amyloid β precursor protein/presenilin 1 transgenic mice. Cells were visualized by immunohistochemical staining and the area of CD11b-positive cells was compared with the vehicle treatment group. (A) CD11b-positive cells in the PFC, indicated by white arrow. (B) CD11b-positive cells in the HC. Scale bar, 40 µm. (C) Area of CD11b-positive cells in the PFC. (D) Area of CD11b-positive cells in the HC. Data are expressed as the mean ± SEM for the immunopositive area as % of the total surface area. n=5 in each group. \*\*P\<0.01 vs. the vehicle-treated group. TA, tormentic acid; PFC, pre-frontal cortex; HC, hippocampus.](MMR-22-02-0739-g02){#f3-mmr-22-02-0739}

![TA treatment decreases the levels of pro-inflammatory factors in APP/PS1 transgenic mice. (A) TNFα level in the PFC. (B) IL-1β level in the PFC. (C) IL-6 level in the PFC. (D) TNFα level in the HC. (E) IL-1β level in the HC. (F) IL-6 level in the HC. n=5 in each group. \*\*P\<0.01, \*\*\*P\<0.001 vs. the vehicle-treated group. TA, tormentic acid; APP, amyloid β precursor protein; PS1, presenilin 1; PFC, pre-frontal cortex; HC, hippocampus; TNFα, tumor necrosis factor α; IL, interleukin.](MMR-22-02-0739-g03){#f4-mmr-22-02-0739}

![Amyloid β precursor protein/presenilin 1 Alzheimer\'s disease mice treated with TA for 4 weeks exhibit reduced levels of Aβ deposits. (A) Representative images of Aβ plaque deposition in the PFC. (B) Representative images of Aβ plaque deposition in the HC. Aβ deposits are indicated by white arrow. Scale bar, 100 µm. (C) Aβ plaque load as % of total area in the PFC. (D) Aβ plaque load as % of total area in the HC. (E) Aβ1--42 levels in the PFC. (F) Aβ~1-42~ levels in the HC. n=5 in each group. \*\*P\<0.01 vs. the vehicle-treated group. TA, tormentic acid; PFC, pre-frontal cortex; HC, hippocampus; Aβ, β-amyloid.](MMR-22-02-0739-g04){#f5-mmr-22-02-0739}

![Effects of TA (0, 1, 5 and 10 mg/kg; 4 weeks) on spatial cognitive deficits in amyloid β precursor protein/presenilin 1 transgenic Alzheimer\'s disease mice are assessed by the Morris water-maze test. (A) Escape latency to reach the submerged platform. (B) Number of platform crossings. (C) Swim speed. (D) Total distance. n=10 in each group. \*\*P\<0.01 vs. the Veh-treated group. TA, tormentic acid; Veh, vehicle.](MMR-22-02-0739-g05){#f6-mmr-22-02-0739}

![Effects of TA on apoptosis in APP/PS1 transgenic mice. (A) Extent of DNA fragmentation in the PFC. (B) Extent of DNA fragmentation in the HC. (C) Activity of caspase-3 in the PFC. (D) Activity of caspase-3 in HC. Data are presented as the mean ± SEM. n=5 in each group. \*P\<0.05, \*\*P\<0.01 vs. the control group. TA, tormentic acid; APP, amyloid β precursor protein; PS1, presenilin 1; PFC, pre-frontal cortex; HC, hippocampus.](MMR-22-02-0739-g06){#f7-mmr-22-02-0739}

![TA inhibits Aβ-induced inflammatory cytokine production *in vitro*. (A) BV2 microglial cells were treated with different concentrations of TA for 24 h, and cell viability was measured by MTT assays. (B) TA dose required for inhibition of Aβ1-42-induced TNFα expression was determined by ELISA. Expressions of (C) TNFα, (D) IL-1β and (E) IL-6 in the supernatant were measured using an ELISA kit. Data are presented as the mean ± SEM. n=5 in each group. \*P\<0.05, \*\*P\<0.01 vs. the vehicle-treated control group; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. the Aβ-treated group. TA, tormentic acid; TNFα, tumor necrosis factor α; IL, interleukin; Aβ, β-amyloid.](MMR-22-02-0739-g07){#f8-mmr-22-02-0739}

![Effect of TA on the NF-κB pathway in Aβ-stimulated BV2 microglia. BV2 cells were pre-treated with 10 nM TA for 24 h, then stimulated with 25 µM Aβ for 8 h. (A) Translocation of the NF-κB p65 subunit was visualized by double immunofluorescence staining. NF-κB p65 (green), DAPI (blue). NF-κB p65-positive cells are indicated by white arrow. Scale bar, 10 µm. (B) NF-κB p65 western blots from nuclear and cytoplasmic extracts. (C) Levels of NF-κB p65, determined by western blot analysis. His H1 and β-actin were used as internal controls. Data are expressed as the mean ± SEM. n=5 in each group. \*\*P\<0.01 vs. the vehicle-treated control group; ^\#\#^P\<0.01 vs. the Aβ-treated group. TA, tormentic acid; Aβ, β-amyloid; NF-κB, nuclear factor κB; His, histone.](MMR-22-02-0739-g08){#f9-mmr-22-02-0739}

![TA suppresses Aβ-induced phosphorylation of IKKα and IκBα, and apoptosis in BV2 microglia cells. Cells were pre-incubated with or without 10 µM of TA for 8 h prior to Aβ treatment for 24 h. (A and B) Expression levels of cytoplasmic p-IKKα and IκBα were detected by western blotting. TA treatment decreased the level of (C) DNA fragmentation and (D) caspase-3 activity. Data are expressed as the mean ± SEM. n=5 in each group. \*\*P\<0.01, \*\*\*P\<0.001 vs. the vehicle-treated group; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. the Aβ-treated group. TA, tormentic acid; Aβ, β-amyloid; IκB, inhibitor of nuclear factor κB; IKK, IκB kinase; p, phosphorylated.](MMR-22-02-0739-g09){#f10-mmr-22-02-0739}
